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Abstract

Dimethyl ether reaction kinetics at high temperature were studied in two different flow reactors
under highly dilute conditions. Pyrolysis of dimethyl ether was studied in a variable-pressure flow
reactor at 2.5 atmospheres and 1118 K. Studies were also conducted in an atmospheric pressure
flow reactor at about 1085 K. These experiments included trace-oxygen-assisted pyrolysis, as well
as full oxidation experiments, with the equivalence ratio (¢) varying from 0.32 < ¢ < 3.4. On-line,
continuous, extractive sampling in conjunction with Fourier Transform Infra-Red, Non-Dispersive
Infra-Red (for CO and CO;), and electrochemical (for O3) analyses were performed to quantify
species at specific locations along the axis of the turbulent flow reactors. Species concentrations
were correlated against residence time in the reactor and species evolution profiles were compared
to the predictions of a previously published detailed kinetic mechanism. Some changes were made
to the model in order to improve agreement with the present experimental data. However, the
revised model continues to reproduce previously reported high temperature jet-stirred reactor and
shock tube results.

Introduction

Dimethyl ether (DME) has been featured in the combustion literature as a neat fuel or fuel
additive with superior laboratory performance in diesel engines, or as an ignition enhancer
for using methanol in diesels [1]-[6]. It has been shown that, compared to neat commercial
diesel fuels [4], dimethyl ether addition decreases the emission of CO, NOy, formaldehyde,
particulates and non-methane hydrocarbons, and that DME can be dissolved in diesel fuel
in amounts up to 10%. In addition, atmospheric chemistry studies have been performed to
address potential effects upon the urban atmosphere (e.g., incremental change in tropospheric
ozone levels) of using dimethyl ether as a fuel or fuel additive [7, 8]. DME appears to be
environmentally benign in that it does not attack stratospheric ozone, is “virtually non-
toxic and non-carcinogenic”, is readily degraded in the troposphere, and does not appear to
form unstable peroxides upon prolonged exposure to air (as do some higher molecular weight
ethers, for example diethyl ether). Potential effects of DME contamination of soil and ground
water would appear unlikely, given the high vapor pressure of the material, although we have
found no experimental evidence to support such speculation.



High temperature oxidation studies were first published by Dagaut et al. [9], who obtained
results in a jet-stirred reactor (1 and 10 atm, 0.2 < ¢ < 2.5, and 800 < 7" < 1300 K), and by
Pfahl and coworkers [10], who measured ignition delay times behind reflected shock waves (13
and 40 bar, ¢ = 1.0 and 650 < 7" < 1300 K). Both of these studies were used in developing
a detailed kinetic mechanism earlier [11].

More recently, Dagaut and co-workers [12] extended their experimental work to include
low temperature experiments in a jet-stirred reactor (JSR) and high temperature experiments
in a shock tube. Alzueta et al. [13] have also reported oxidation work under flow reactor
conditions. Their experiments were performed at atmospheric pressure in the temperature
range 600-1500 K and at different air/fuel ratios. Equivalence ratio is defined on the basis
of the balanced equation describing the oxidation reaction proper: 3.0 x [CH3OCH;]/[O2]. A
fuel-lean mixture is one in which the oxidant is in excess, and has an equivalence ratio, ¢ < 1,
while ¢ > 1 for a fuel-rich mixture. Alzueta et al. focused mainly on the interaction of DME
with nitrogen oxides. They found that the oxidation process was promoted in the presence
of NO or NO,. The reaction CH; + NO, = CH;0 + NO, followed by the dissociation
of CH;0, readily provides H atoms to the system. Similar nitrogen oxide coupling with
methyl radicals has also been reported for methane oxidation [14]. None of the available
data described above include studies on the high temperature pyrolysis of DME, although
the unimolecular decomposition of DME is known to be relatively fast at high temperatures.

The experimental research at Princeton was initiated principally to further understanding
of the low and intermediate temperature behavior of DME oxidation. However, hot ignition
and transition to high temperature kinetic behavior are strongly influenced by the high
temperature kinetic aspects of the mechanism. We therefore conducted experiments and
modeling studies at high temperatures, including pyrolysis studies as a pre-requisite to the
intermediate and low temperature work, and we report the results of these high temperature
studies here. In a companion paper [15], we address the low and intermediate temperature
kinetic issues and compare them with a kinetic model that includes the higher temperature
kinetic aspects developed in this paper. There we report new experimental observations, not
noted in prior intermediate temperature experiments that require significant modifications
in the low and intermediate temperature mechanism developed earlier.

Experimental

Flow reactor experiments typically provide data in a range of conditions not accessible to
shock tubes, stirred reactors, and static reactors. Two different flow reactors were used in
the present work, an atmospheric pressure flow reactor (APFR), and a variable-pressure flow
reactor (VPFR).

The high temperature, atmospheric pressure flow reactor (APFR) is fully documented in
the literature in numerous papers (e.g., Crocco et al. [16], Yetter et al. [17] and Roesler et
al. [18]), and is only briefly described here. The carrier gas is a turbulent flow of pre-heated
nitrogen into which oxygen and water vapor are injected and pre-mixed to dilute amounts
(~ 1% by volume). Reactant concentrations are typically diluted sufficiently that the total
heat release in the reaction zone is no more than 100 K. Fuel vapor diluted in nitrogen is
injected into the carrier mixture at the throat of a converging-diverging nozzle section. The
reactants subsequently mix within the quartz diffuser section, and a quasi-steady reaction
is established along the length of a constant-diameter quartz test section downstream of the



diffuser. This test section is 10.16 cm in diameter and approximately 1 m long. The reaction
is maintained effectively adiabatic with the use of electric resistance heaters and insulation
material surrounding the entire reactor. At very dilute conditions and with some reaction
systems, heat release over the length of the reaction zone is so small that the flow can be
treated as isothermal rather than adiabatic. Data are obtained using a relocatable probe,
consisting of a stainless steel, hot water-cooled gas sampling probe and a Pt/Pt-13% Rh
thermocouple probe. The thermocouple junction is coated with silica to prevent catalytic
reactions on the thermocouple surface. Relocating the axial position of the sampling probe
varies the reaction time (distance between the point of mixing and the sampling location).
Other features regarding experimental procedures and analytical measurements common to
both reactors are described in more detail below.

The majority of experiments reported here and in the companion paper [15] were per-
formed in the VPFR, Fig. 1. The VPFR can access a wide range of conditions: temperature
(550-1200 K); pressure (0.3-20 atm); and equivalence ratio (pure pyrolysis to oxygen-rich
conditions). A novel design feature of the VPFR (in comparison to the APFR and other
flow reactors reported in the literature) is based on fixing the diagnostic sampling position
and moving the point of fuel injection relative to this location to vary the reaction time. The
concept is similar to that often pursued in low pressure, fast flow reactors and in the study
of pre-mixed, laminar, one-dimensional flames where the burner, rather than the diagnostic
sampling position, is moved. This design accommodates very short gas sampling residence
times to continuous, on-line diagnostic instruments (important for on-line measurement of
low-stability molecular species such as aldehydes, acids, or other oxygenates), and simpler
optical access for in-situ diagnostics at the sampling location [24, 27]. The relative length
of the reaction zone (from mixing point to sampling point) introduces significant coupling
in terms of boundary heat transfer, particularly if the reaction is significantly exothermic or
endothermic. In order to deal with these issues effectively, all experimental parameters must
be independently closed-loop controlled. These controls permit the initial reaction, wall
boundary conditions, and reaction pressure to be reproduced accurately upon relocations of
the mixer relative to the diagnostic location (to change reaction time).

In the VPFR, oxidizer is added to the nitrogen carrier gas (flowing from left to right)
which is pre-heated to the desired initial reaction temperature using a composite ferrous-
alloy /tungsten electrical resistance heater. For pyrolysis studies, no oxidizer is added, and the
sealed nature of the device permits background levels of as little as 10 ppm to be obtained
(This is the typical background levels of oxygen in the liquid nitrogen-based gas supply
source). Pre-vaporized dimethyl ether, along with about 5-10% of the total nitrogen carrier
flow, is injected into the carrier-oxidizer stream at the entrance to a mixer-diffuser, Fig. 1,
through a multi-jet injector. The upstream carrier flow is directed outward to the reactor
tube wall by a central baffle plate, and then radially inward through a gap between the baffle
plate and the mixer-diffuser block. A large number of opposed jets of the pre-vaporized
fuel /nitrogen mixture issue into this radial inward flow from the fuel injection probe. An
opposed-jet stirring occurs at the entrance to the diffuser section, with a nominal turnover
time of about 0.5% of the total reaction test time downstream of the diffuser. The ability
of the VPFR design to achieve rapid mixing of reactants and a quasi-steady initial reaction
temperature have been experimentally demonstrated elsewhere [24].

The mixer-diffuser, Fig. 1, is approximately 45 cm long and is machined from a low



porosity, silica foam block to an outside diameter about 1.2 mm less than the nominal
10.16 cm inside diameter of the cylindrical reactor duct. The interior contour of the diffuser
section has a throat diameter of 2.5 cm and an expansion half-angle of 5 degrees. The
central baffle plate upstream of the mixer-diffuser is lined with fused silica to minimize
chemical surface effects that might occur in the mixing region. A stepper-motor-driven
mechanism inside the pressure boundary is used to position the mixer-diffuser by moving
the fuel injector. Dimethyl ether was pre-vaporized and mixed with nitrogen at the entrance
to the fuel injector.

The pressure shell of the VPFR, Fig. 1, is made of 12-inch Schedule 40 carbon steel pipe
and is ASME code stamped for operation from full vacuum to 28 atm and 245-533 K shell
temperature. The cylindrical reactor section in which kinetic measurements are performed
is a 173 cm long, 2 mm wall thickness, 10.16 cm inside diameter, fused silica tube, in which
the silica mixer block can be moved. A maximum of about 115 cm and a minimum of 25 cm
of axial distance from the throat of the mixer-diffuser section to the sampling position are
possible.

In both reactors, reactants are typically diluted in large amounts of pre-heated nitrogen.
Dilution reduces the experimentally observed reaction rates from those found under higher
concentration conditions, for example stoichiometric conditions in air. Thus, the reaction
times evident in combustion systems (often less than a few milliseconds) are scaled by dilution
to a range of reaction times from 1.0 x 1073 to 2.0 seconds. By maintaining large convective
rates for these dilute conditions, the effects of axial diffusive transport are rendered negligible.
Radial uniformity in the species and temperature profiles at each axial location are produced
by developing, turbulent flow conditions. Wall collisional effects are of minimal importance
because the time for molecules to diffuse to and from the wall to affect the core flow are
long, in comparison to the mean residence time of the flow in the reactor. As a result of
the laminarized flow near the wall, this can be true even with the presence of enhanced
diffusivities from turbulence in the core flow. Both our own studies and those of Seeley et
al. [19] have demonstrated this last point. Surface effects in the mixing region can occur,
and along with mixing phenomena, influence the reaction initiation process. Although local
concentration fluctuations remain a source of turbulence/chemistry coupling, determinations
of elementary reaction rates (e.g., Hochgreb and Dryer [20], Yetter and Dryer [21], Allen et
al. [22], and Mueller et al. [23]) from our data suggest that turbulence/chemistry coupling
perturbations from local concentration fluctuations are within the uncertainties of the kinetic
measurements themselves.

The flows in both reactors are “developing” ones, with boundary-layer growth occurring
at the reactor walls, over the length of the reaction region. The axial velocity distribution in
each reactor was defined experimentally using cold-flow conditions and pitot pressure probes,
as well as hot wire anemometry. These measurements are then related to experimental hot-
flow conditions through Reynolds number correlations (e.g., Held [24]). Relative times of
various axial positions to one another and to the point of the mixing location are defined by
integrating the velocity distribution function along the axial coordinate.

Each flow reactor was operated as a steady, isobaric flow device. In both the APFR
and VPFR, experiments were performed at constant initial reaction temperature and ini-
tial reactant concentrations, while the reaction time was varied by changing the distance
from mixing to sampling locations. Thus, one obtains a reactant/intermediate and reaction
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temperature profiles as functions of residence time under near-adiabatic conditions. In the
VPFR, another type of experiment was also performed. For a constant reaction time, initial
reactant concentrations were held constant, and the initial reaction temperature was varied,
generating so-called “reactivity” profiles. This mode of operation is more fully described
in [25, 26].

In each type of experiment described above, the heat transfer and sampling systems,
Fig. 2, are given time to reach quasi-steady conditions prior to sampling and diagnostic
data acquisition. All of the independent experimental parameters (nitrogen carrier, liquid
fuel, fuel vapor nitrogen diluent, and oxidizer flows; carrier inlet, reactor wall temperatures;
mixing location relative to sampling location; and for the VPFR, reaction pressure) are
monitored. In the APFR experiments, these monitoring processes are performed manually,
while in the VPFR all parameters are electronically monitored and independently controlled
from a single microprocessor-based control station.

A hot-water-cooled, wall-convection-quenched, stainless steel sample probe was used in
both the APFR and VPFR to continuously extract and convectively quench a small portion
of the reacting gases. The continuous sample was extracted from an axial location in the flow.
The reaction temperature at the gas sampling location was measured with a silica coated
Pt-13%Rh /Pt thermocouple (3 K uncertainty). Calculated gas sampling quenching times
have been estimated to be very short in comparison to overall reaction times (Dryer [28] and
Emdee [29]).

The sampled flow passed through heated sampling lines to a Nicolet Model 730 FTIR,
equipped with a 0.7 liter, 10 meter multi-reflective cell, Fig. 2. The cell pressure (760 mm
Hg) and temperature (100°C) were held constant for all measurements. The analytical flow
exiting the cell was then directed to a continuous flow electrochemical analyzer for O, to
continuous non-dispersive infrared (NDIR) analyzers for CO and CO,, and to a continuous
selective detector for Hy. All of the FTIR spectra are multi scan-averaged (32 scans), and
computer storage of the raw spectral data permit searches for additional information (and
species), even after the experiment has been performed. Data acquired by all of the above
instruments were recorded on a hard disk-based microprocessor system and post-processed
to obtain species concentrations.

The FTIR utilized a liquid nitrogen-cooled MCT-A detector to measure spectral ab-
sorbance with a resolution down to 0.125 cm~!. Multivariate least squares fit software is
used for quantification of the spectral data. Calibrations for species are obtained by measur-
ing absorbance for different concentrations of each compound in nitrogen (and in mixtures
in nitrogen), or by comparing responses to that determined by conversion of the material
to combustion products. For each species with the exceptions of formic acid (HOCHO)
and water, species concentration was determined from spectral features that were isolated
from interference produced by other species. Formic acid and water spectra interference
could not be completely separated, and a multi-component absorbance calibrations had to
be performed for these two species. FTIR species concentration uncertainties were as follows:
CH30CH; (4% or < 50 ppm), CH4 (2%), CH30H (2%), CoHg (2%), C2Hy (2%), CH20 (5%
or < 10 ppm), HOCHO (3.5% or < 12 ppm), HoO (10%). Other analytical measurements
had uncertainties as follows: O, (3%); CO (2%); CO5 (2%). No other hydrocarbon species
(> 1 ppm) were detected in the experiments reported here or in the companion paper.



Computational Modeling

All of the modeling computations in this study were carried out using the HCT modeling
code [30]. The fundamental modeling assumptions used in comparing the kinetic calculations
with experiments are as follows:

Flow reactor: Constant pressure, adiabatic, zero-dimensional. The constant pressure
assumption is essentially a low Mach number assumption. As noted above, adiabaticity is
approximated in the experiments through the use of preheated reactor tube walls and a
short length to diameter ratio in the reactor tube. Experimentally, axial diffusion is negligi-
ble only where the characteristic diffusion length is much greater than the convective length.
Although this assumption is reasonably valid over much of the reaction zone, it breaks down
in regions of high concentration gradients, such as in the rapid transition in the oxidation
rate of CO accompanying the depletion of hydrocarbon species (e.g. see Fig. 11). Further-
more, the finite-rate mixing of fuel and oxidizer, and potentially, small recirculation zones
near the mixing region, all result in uncertainty in specification of an absolute “zero time”
for flow reactor experiments. Modeling simulation of these effects using stirred reactor-plug
flow coupled models has shown that they all serve to translate the calculated species and
temperature profiles along the time axis toward the origin [24]. Constant initial condition
calculations using the mechanism reported here also show that initial perturbations of the
system are quickly relaxed and result in no historical effects downstream, other than shifting
the entire reaction profiles (without perturbations) with respect to the “zero time”. Sim-
ilar observations have been shown by others for the CO/hydrogen/oxygen, and methanol
systems [24, 31]. Thus, for these reaction systems, when the calculated species versus time
profiles are artificially temporally aligned at an arbitrary reference point within the down-
stream reaction zone where fuel disappearance is observed, the calculations and experimental
profiles overlay one another nearly perfectly. This result must be verified for each reaction
system in question, particularly for those such as dimethyl ether, in which unimolecular
decomposition may contribute to the overall fuel disappearance in the post induction region.

In comparing calculations with species-time experimental data, the time axis of the data
was effectively “translated” to match a particular extent of reaction between the experimental
and computed results. “Time shifting” and the results achieved by the above approach are
entirely consistent with the assumption (noted above) that within the range of extents of
reaction to be compared with the calculation, axial diffusion time scales are much longer than
kinetic and convective time scales and include the conceptual assumption that induction
chemistry does not substantially influence the important initial conditions for the post-
induction chemistry. Mathematically, the solution of the conservation equations for the
post induction region then becomes an initial value problem, and any single matching point
between the experiment and computation is equivalent. Computationally, calculations can be
marched upstream or downstream from a matching point, without concern, and all matching
points are equivalent. Here we matched the points of 50% observed fuel disappearance to
compare calculation and experiment.

On the other hand, comparing reactivity profiles with calculations raises concerns with
“time shifting” approaches, for the comparisons include variations in the initial tempera-
ture. This issue is discussed in more detail in the companion paper, where these types of
experiments in the VPFR are reported and discussed.



Shock tubes: The thermal environment in the post-shock region can be safely assumed
to be adiabatic. Also, the short reaction time scales relative to diffusive times permits the
zero-dimensional approximation. The treatment of the free boundary of the reaction zone is
open to some debate. A limiting case, frequently applied and used in this study, assumes a
constant-volume (density) boundary, which implies that the bulk expansion of the fluid due
to temperature rise and average molecular weight change overwhelms the inertial effects of
the surrounding fluid. However, the situation is rarely as clear-cut as the simplified model
would indicate.

Stirred Reactors: The jet-stirred reactor is simulated as a homogeneous, constant vol-
ume reactor which is assumed to be at constant temperature and pressure, with a prescribed
influx of fresh reactants such that the residence time is constant within the reactor.

The detailed chemical kinetic reaction mechanism used in these calculations was based
on the hierarchical nature [32] of reacting systems, starting with a core mechanism describ-
ing Hy/O4 and CO oxidation. To this is added the progressively larger C;—C,; mechanism
and ultimately the DME mechanism, whereby the complete model consists of 82 different
chemical species and 351 elementary reactions. The dimethyl ether reaction mechanism is
listed in Table 1.

The thermodynamic properties for the relevant radicals and stable parents were obtained
by group additivity using THERM [33] with updated H/C/O groups and bond dissociation
groups [34]. The thermochemical data, listed in Table 2, allow the calculation of reverse
reaction rate constants by microscopic reversibility. Our previous version of the dimethyl
ether mechanism is provided in reference [11]. This, in combination with the changes doc-
umented in the present paper, comprises the updated mechanism. An electronic version of
the updated mechanism can be obtained by electronic mail in either HCT or CHEMKIN
format by writing to the authors (fldryer@phoenix.princeton.edu).

At high temperatures, the fuel consumption pathway is quite simple, with unimolecular
decomposition of the fuel, reaction (273), producing methoxy and methyl radicals, and (/-
scission of the methoxymethyl radical, reaction (282), yielding formaldehyde and a methyl
radical. At high temperatures, the methoxy radical undergoes [-scission to yield formalde-
hyde and a hydrogen atom. Therefore, the hydrogen and methane submechanisms and, in
particular, the formaldehyde submechanism are important sub-sets of the dimethyl ether
oxidation system.

In this study, the hydrogen submechanism is based on that which has recently been
validated by Mueller et al. [35] against experimental data in a flow reactor over a pressure
and temperature range of 0.3 to 15.7 atm and 850-1040 K, respectively. These data span
the explosion limit behavior of the system and place particular emphasis on HO, and HyO,
kinetics. The H, submechanism used here produces, within experimental error, identical
simulated results to those depicted in the Mueller publication. It is currently impossible for
both HCT and CHEMKIN mechanisms to be exactly the same as the format used for the
thermodynamic parameters of species are different in both codes.

The formaldehyde submechanism is based on the experimental and modeling work of
Hochgreb et al. [36, 37]. Some changes have been made to hydrogen atom abstraction
reactions from formaldehyde by radical species and these are detailed in our analysis below.
A comparison of the model-predicted intermediate profiles versus experimental data for a
limited set of formaldehyde oxidation results is provided in Figs. 3-5. Overall there is
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excellent agreement between model and experiment. The methane submechanism, Table 1,
was validated by comparisons with the previously published data of Amano and Dryer [14],
with very good agreement observed between model and experiment. Figure 6 is an example
of a comparison between simulation and experiment.

By performing an initial validation on the hydrogen, formaldehyde, and methane sub-
mechanisms, we are confident that any changes in rate constant expressions necessary to
simulate both pyrolysis and oxidation data on dimethyl ether are a part of the dimethyl
ether mechanism itself and not part of these submechanism.

Reaction A n Ea Reference
1. CHs+ H(+M) = CHy4(+M) 2.14E+15 —-0.40 0. (38]
Low pressure limit 3.31E 4+ 30 —4.00 2108.
Troe parameters a=0.0,
T* = 1.0E—15, T* = 1.0E—15, T** = 40.
Enhanced Third Body Efficiencies:
Hy = 2.0, H,O = 5.0, CO = 2.0, CO, = 3.0
2. CH4+H=CH3+ Hy 1.73E + 04 3.00 8224. [39]
3. CHy4+ OH = CHj3 + H,0O 1.93E + 05 2.40 2106. [40]
4. CHy+ O =CH3z+ OH 2.13E + 06 2.21 6480. [41]
5. CoHg + CH3 = CoHs + CHy 1.51E — 07 6.00 6047. [42]
6. HCO+ OH = CO + Hy0 1.02E + 14 0.00 0. [42]
7. CO+0OH=CO2+H 1.40E + 05 1.95 —1347. [35]
8. H+0;=0+0H 1.97E + 14 0.00 16540. [43]
9. O+Hy,=H+OH 5.08E + 04 2.67 6292. [44]
10. O+ HyO0 =0OH+ OH 2.97E + 06 2.02  13400. [45]
11. OH+H; =H+ H,0 2.16E + 08 1.51 3430. [46]
122 HCO+M=H+CO+ M 1.86E + 17 —1.00 17000. [47]
Enhanced Third Body Efficiencies:
Hy = 2.5, H,O = 12.0, CO = 1.9, CO5 = 3.8
13. H302 + OH = Hy0 + HO9 1.00E + 12 0.00 0. [48]
14. CoH4+ O = CHs + HCO 1.02E + 07 1.88 179. [40]
15. H+ CoHy(+M) = CoH5(4+M) 1.08E + 12 0.34 1822. [38]
Low pressure limit 1.11E+4+34 —-5.00 4448.
Troe parameters a=1.0,
T* = 1.0E—15, T* = 95., T** = 200.
Enhanced Third Body Efficiencies:
Hy = 2.0, H,O = 5.0, CO = 2.0, CO2 = 3.0
16. CH3OH(+M) = CH3 + OH(+M) 1.90E + 16 0.00  91730. [49]
Low pressure limit 2.95E+30 —7.35 95460.
Troe parameters a=0.414,
T = 279., T* = 5459., T** = 1.0E4+100.
Enhanced Third Body Efficiencies:
Hy = 2.0, H,O = 16.0, CO = 2.0, CO5 = 3.0
17. CoHg + H = CyHs + Hy 5.54E + 02 3.50 5167. [40]



18.
19.
20.
21.
22.
23.
24.

25.

26.

27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.

42.
43.

CH30H + HOy = CHy,OH + H509

CoHgs + Oy = CoHy + HO9
CoHg + OH = C3Hy + HyO
CoHg + O = C3Hs + OH

CH3 + HO2 = CH30 + OH
CO + HO; =CO3 + OH

CH; + CH3(+M) = CoHg(+M)
Low pressure limit

Troe parameters a=0.405,

T* = 1120., T* = 69.6, T** = 1.0E4+100.
Enhanced Third Body Efficiencies:
Hy = 2.0, H,O = 5.0, CO = 2.0, CO3 = 3.0

H+OH+M=H,O0+M

Enhanced Third Body Efficiencies:
Hy = 2.5, H,O = 12.0, CO = 1.9, CO4 = 3.8

H + O2(+M) = HO2(+M)
Low pressure limit
Troe parameters a=0.5,

T* = 1.0E-30, T* = 1.0E+30, T**
Enhanced Third Body Efficiencies:
Hy = 2.0, H,O = 5.0, CO = 2.0, CO2 = 3.0

CO + O(+M) = COy(+M)

Low pressure limit

Enhanced Third Body Efficiencies:
Hy = 2.5, H,O = 12.0, CO = 1.9, CO5 = 3.8

CO+0;=C02+0

HCO+ 0 =CO + OH
HCO+H+M=CH,O+M
CH50 + OH = HCO + H»0
CH>0 + H = HCO + Hy
CH50 + 0O =HCO + OH

CHs + OH = CH20 + Hy

CH; + O =CH;O +H

CH3 + O = CH30+ O
CH50 + CH3 = HCO + CHy4
HCO + CH3 = CHy + CO
CH30(+M) = CH,0 + H(+M)
Low pressure limit

CoHy(+M) = CoHsy + Ha(+M)
Low pressure limit

HO3 + O = OH + Oy

CH350 + Oy = HCO + HO9

3.98E + 13
1.22E + 30
5.12E + 06
1.13E + 14
1.10E 4 13
3.01E + 13
9.21E + 16
1.14E + 36

2.25E + 22

1.48E + 12
3.50E + 16

1.80E + 10
1.35E + 24

1.07E — 15
7.34E + 13
3.02E + 13
2.66E + 24
3.43E + 09
9.33E + 08
6.26E + 09
2.25E + 13
8.00E + 13
2.00E + 18
3.64E — 06
1.21E + 14
5.45E + 13
2.34E + 25
2.60E + 17
1.50E + 15
3.25E + 13
2.05E + 13

0.00
—3.76
2.06
0.00
0.00
0.00
—1.17
—5.246

—2.00

0.60
—0.41

0.00
—2.79

7.13
0.00
0.00
—2.57
1.18
1.50
1.15
0.00
0.00
—1.57
5.42
0.00
0.00
—2.70
0.00
0.00
0.00
0.00

19400.
10100.
855.
7850.

23000.
635.8
1705.

—1116.

2384.
4191.

13320.
0.

0.
427.
—447.
2976.
2260.
4300.
0.
29230.
998.
0.
13500.
30600.
79350.
05443.
0.
38950.
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44.
45.
46.
47.
48.
49.
50.
ol.

52.
93.
o4.
95.

96.

o7.

98.

59.
60.

61.
62.
63.
64.
65.

CH30 + Oy = CH30 + HOq

CHs + HO9 = CHy4 + O9

HCO + O3 = CO + HO»

HO2 + H = OH + OH

HO; + H=Hy + Oy

HO2 4+ OH = Hy0 + Oq

HOy +HOy = HyO5 + O9

OH + OH(+M) = H205(+M)

Low pressure limit

Troe parameters a=0.47,

T** = 100., T* = 2000., T** = 1.0E+15.
Enhanced Third Body Efficiencies:

Hy = 2.5, H,O = 12.0, CO = 1.9, CO9 = 3.8
H;05 + H =H;0 + OH

CHy4 + HO9 = CH3z + Hy09

CH>0 + HOy = HCO + H909
O+H+M=0OH+M

Enhanced Third Body Efficiencies:

Hy = 12.5, H,O = 12.0, CO = 1.9, CO, = 3.8
Enhanced Third Body Efficiencies:

Hy = 12.5, H,O = 12.0, CO = 1.9, CO, = 3.8
H+M=H+H+M

Enhanced Third Body Efficiencies:

Hy = 2.5, H,O = 12.0, CO = 1.9, CO5 = 3.8
CoHs + H(+M) = CoHy + (M)

Low pressure limit

Troe parameters a=0.782,

T** = 208., T* = 2663., T** = 6095.
Enhanced Third Body Efficiencies:

Hy = 2.0, H,O = 5.0, CO = 2.0, CO, = 3.0
CoHs + CoHz = CoHy + CoHy

CoHs + H(+M) = CQH3(+M)

Low pressure limit

Troe parameters a=1.0,

T* = 1.0E—15, T* = 675., T** = 1.0E+15.
Enhanced Third Body Efficiencies:

Hy = 2.0, H,O = 5.0, CO = 2.0, CO, = 3.0
CoHy + H = CyoH3 + Hy

CoHy + OH = C3H3z + HyO

CyHs + Oy = CoHy + HO9

CoHo +M=C,H+H+M

CyHy + Oy = HCCO + OH

10

5.50E + 10
3.00E + 12
7.58E + 12
7.08E + 13
1.66E 4 13
2.89E + 13
4.20E + 14
1.24E + 14
3.04E + 30

241E + 13
3.42E + 11
5.82E — 03
4.72E + 18

6.17E + 15

4.57E + 19

6.10E + 12
9.80E + 29

3.00E + 12
3.11E + 11
2.25E + 40

8.42E — 03
2.05E + 13
9.19E + 15
4.20E + 16
2.00E + 08

0.00 2424.
0.00 0.
0.00 410.
0.00 300.
0.00 820.
0.00 —500.
0.00  11980.
-0.37 0.
—4.63 2049.
0.00 3970.
0.00  19290.
4.53 6557.
-1.00 0.
—0.50 0.
—1.40 104400.
0.27 280.
—3.86 3320.
0.00 0.
0.58 2589.
—7.27 6577.
4.62 2583.
0.00 5955.
—1.26 3310.
0.00  107000.
1.50  30100.
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66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.

85.
86.
87.
88.
89.
90.
91.
92.

93.
94.
95.
96.
97.
98.
99.
100.
101.
102.

CoHy + O = CO 4+ Hy0

CoHs + OH = CoH + H,0

O + CyHy, = CyH + OH

CeHs + O = CHy + CO

CoH 4+ O, = HCO + CO

C:H+ 0O =C0O+ CH

CH; + O, = HCO + OH
CH,+0=CO+H+H

CHy +H =CH + Hy

CH; + OH = CH + H,O

CHy, +0,=COs+H+H
CH+ O, =HCO + O

CH3;0H + OH = CH>,OH + Hy0O
CH30H + H = CH30 + Hy
CH30H + H = CH,OH + Hy
CH30H + CH3; = CH,OH + CHy4
CH30H + O = CH2,OH + OH
CH;0OH + O3 = CH>;0 + HOq
CH,OH(+M) = CH,0 + H + (M)
Low pressure limit

Troe parameters a=0.96,

T** = 67.6, T* = 1855., T = 7543.

Enhanced Third Body Efficiencies:

H, = 2.0, H,O = 5.0, CO = 2.0, CO = 3.0

CoH3 + Oy = CoHy + HO9
Hy09 + O = OH + HOq

CyHy + O = HCCO + H

CeHs + OH = CH,CO + H
CH;CO +H = CH3 + CO
CH,CO + O = CHy + CO9
CHy + 02 =CH»,0 + O
CHQCO(+M) = CHs + CO(+M)
Low pressure limit

CH»CO + O = HCCO + OH
CH2CO + OH = HCCO + H»20
CH>CO + H =HCCO + Hy
HCCO + OH = HCO + HCO
HCCO + H = CHy(S) + CO
HCCO+0O=H+CO+ CO
CaHg + Oz = CoHs + HO2
CoHg + HO9 = CoHs + HoO9
CHsy + Oy = COy + Hy

CHj3 4+ CoHs = CHy4 + CoHo

11

7.28E + 19
3.39E + 07
3.20E + 15
6.12E + 06
241E + 12
1.81E + 13
1.29E + 20
5.00E + 13
1.00E + 18
1.13E + 07
3.29E + 21
3.30E + 13
7.10E + 06
3.60E + 12
1.44E + 13
3.19E + 01
3.88E + 05
3.81E + 06
2.80E + 14
6.01E + 33

2.12E — 06
9.55E + 06
1.43E + 07
3.24E + 13
1.13E 4+ 13
1.75E + 12
3.29E + 21
3.00E + 14
3.60E + 15
1.00E + 13
1.00E + 13
2.00E + 14
1.00E + 13
1.10E + 14
8.00E + 13
4.00E + 13
1.70E + 13
1.01E 4 21
3.92E + 11

—2.54
2.00
—0.60
2.00
0.00
0.00
-3.30
0.00
—1.56
2.00
-3.30
0.00
1.80
0.00
0.00
3.17
2.50
2.00
-0.73
—5.39

6.00
2.00
2.00
0.00
0.00
0.00
-3.30
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-3.30
0.00

1809.
14000.
15000.

1900.

9484.
3970.
1900.
12000.
3428.
1350.
2868.
70980.
59270.
8000.
3000.
8000.
0.

0.

0.
50900.
20460.
1508.
0.



103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.

115.

116.

117.

118.
119.
120.
121.
122.
123.
124.
125.

CHj3 + CoHs = CHy + CoHy

CH30 + CH30 = CH30H + CH,0
CH50 + CH30 = CH30H 4+ HCO

CH4 + CH30 = CH3 + CH30H

CoHg + CH30 = CyH5 + CH30H

CoHs + H = CyHs + Hy

CH30 + CH30H = CH»,OH + CH30H
CH3;0OH + OH = CH30 + H,O

CoHs + H = CH3 + CHj3

CoH3 + Oy = CH,O + HCO

CoHs + H = CoHg

CQH5OH(+M) = CH;0H + CH3(+M)
Low pressure limit

Troe parameters a=0.5,

T** = 550., T* = 825., T** = 6100.
Enhanced Third Body Efficiencies:

Hy = 2.0, H,O = 5.0, CO = 2.0, CO2 = 3.0
CQH5OH(+M) = CyHjy + OH(+M)

Low pressure limit

Troe parameters a=0.5,

T** = 650., T* = 800., T** = 1.0E+15.
Enhanced Third Body Efficiencies:

Hy = 2.0, H,O = 5.0, CO = 2.0, CO, = 3.0
CQH5OH(+M) = CoHy + H20(+M)
Low pressure limit

Troe parameters a=0.7,

T** = 350., T* = 800., T** = 380.
Enhanced Third Body Efficiencies:

Hy = 2.0, H,O = 5.0, CO = 2.0, CO, = 3.0
CQH5OH(+M) = CH3CHO + H2(+M)
Low pressure limit

Troe parameters a=0.9,

T** = 900., T* = 1100., T** = 3500.
Enhanced Third Body Efficiencies:

Hy = 2.0, H,O = 5.0, CO = 2.0, CO2 = 3.0
CoH50H + Oy = pCoH4,OH + HO»
CoH5;OH + Oy = sCyH4OH + HO,
CoH50H + OH = pCyH4OH + HO
CyH;0H + OH = sCyH4OH + H,O
CoH50H + H = pCoH4OH + Hy
CoH;OH + H = sCyH4OH + Hy
CoH50H + HO9 = pCyH4,OH 4 Hy 09
CoH;OH + HO9 = sCoH4OH + Hy0O9

12

1.95E + 13
6.03E + 13
1.16E 4+ 11
1.57E + 11
3.00E + 11
2.00E + 13
3.00E + 11
1.00E + 06
3.61E + 13
1.70E + 29
3.61E + 13
5.71E + 23
3.11E + 85

2.40E + 23
5.11E + 85

2.79E + 13
2.57E + 83

742E + 11
4.46E 4 87

2.00E + 13
1.50E + 13
1.74E 4+ 11
4.64E + 11
1.23E + 07
2.58E + 07
1.23E + 04
8.20E + 03

—0.50
0.00
0.00
0.00
0.00
0.00
0.00
2.10
0.00

-5.31
0.00

—1.68

—18.84

—1.62
—18.8

0.09
—18.85

0.10
—19.42

0.00
0.00
0.27
0.15
1.80
1.65
2.55
2.55

0.

0.
1280.
8843.
7000.
2500.
4074.
497.
0.
6500.
0.
94405.
113100.

99535.
118770.

66136.
86453.

91007.
115590.

52800.
50150.
600.

5098.
2827.
15750.
10750.
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126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.

137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.

CoH;OH + HO9 = C3H50 + HyO9
CyH50H + O = pCoH4,OH + OH
CyH;OH + O = sCyH4OH + OH
CyH50H + CH3 = pCoH4,OH + CHy
CoH;OH + CH3 = sCoH4,OH + CHy
CoH50H + CoHs = pCoH4OH + CoHg
CoH;OH + CoHy = sCoH4,OH + CoHg
CQH4 + OH = ngH4OH

sCoH4OH + M = CH3CHO + H+ M
CoHy + CH3 = CoHg + CHy
CH3CO(+M) = CHj3 + CO(+M)

Low pressure limit

CH3CHO = CH3 + HCO
CH3CHO + Oy = CH3CO 4+ HO»
CH3CHO + OH = CH3CO + H,0
CH3CHO + O = CH3CO 4+ OH
CH3CHO + HOy = CH3CO + Hy09
CH3CHO + CH3 = CH3CO + CHy4

CoHy + Oy = CoH3 + HOq
CO+Hy+M=CHO+M
CoHy 4+ CH30 = C2Hs + CH30H
CH3COCH3 = CH3CO + CHy
CH3COCH3 + OH = CH3COCH, + H,O
CH3COCH3 + H = CH3COCH, + Hy
CH3COCH3 + O = CH3COCH;3 + OH
CH3COCH3 + CH3 = CH3COCH, + CHy
CH3COCH3 4+ CH30 = CH3COCH; + CH30H
CH3COCH; = CH,CO + CHy
CH3COCH3 4+ Oy = CH3COCH3 4+ HO9
CH3COCH3 + HO3 = CH3COCH; + Hy05
CoHy + CO = CyH5;CO

CoH;CHO + H = CoH5CO + Hy
CoH;CHO + O = CoH;CO + OH
CoH;CHO + OH = C3H5CO + Hy,O
CoH;CHO + CH3 = CoH;CO + CHy4
CoH;CHO + HO3 = CoH5CO + Hy Oy
CoH5CHO + CH30 = CoH5CO + CH30H
CoH;CHO + CoHy = CoH5CO + CyHg
CyHy + HCO = CoH5CHO

CyH5;CHO + O3 = CoH5CO + HO9
CoH;CHO + CyHz = CoH;CO + CyHy
Hy02 + H = Hy + HO

13

2.50E + 12
9.41E + 07
1.88E + 07
1.33E + 02
4.44E + 02
5.00E + 10
5.00E + 10
9.93E + 11
1.00E + 14
6.62E + 00
3.00E + 12
1.20E 4 15
2.61E + 15
3.01E + 13
2.00E + 06
1.34E 4 13
9.94E + 12
3.01E + 12
2.61E + 06
4.00E + 13
5.07E + 27
1.20E + 11
1.22E 4 23
1.05E + 10
5.63E + 07
1.13E + 14
3.96E + 11
1.00E + 11
1.00E + 14
1.20E + 14
1.70E 4 13
1.51E 4+ 11
3.98E + 13
5.01E + 12
9.24E + 06
2.61E + 06
1.00E + 12
1.00E 4+ 12
1.00E + 12
1.81E 413
2.00E + 13
1.70E 4 12
4.82E + 13

0.00
1.70
1.85
3.18
2.90
0.00
0.00
0.00
0.00
3.70
0.00
0.00
0.15
0.00
1.80
0.00
0.00
0.00
1.78
0.00
—3.42
0.00
—-1.99
0.97
2.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.50
1.78
0.00
0.00
0.00
0.00
0.50
0.00
0.00

24000.
9459.
1842.
9362.
7690.

13400.

10400.

—960.

25000.
9500.

16722.

12518.

80550.

39148.
1300.
3300.
1868.

11925.
9910.

58200.

84350.
6750.

83950.
1586.
7700.
7850.
9784.
7000.

31000.

46000.

20460.
4810.
4200.
1790.

—962.
5911.

11000.
3300.
8000.

42200.
8440.
7950.
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168.
169.
170.
171.
172.
173.

174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.

HCO+0=C0y+H
CH3;+M=CHy +H+ M

CH3; + H = CHy + Hy

CHs + OH = CHy + H,O

CH+CHy; =CyHy +H

CH3OH(+M) = CH3OH + H(+M)

Low pressure limit

Troe parameters a=0.773,

T* = 693., T* = 5333., T** = 1.0E4+100.
Enhanced Third Body Efficiencies:

H, = 2.0, H,O = 5.0, CO = 2.0, CO = 3.0

CH3CO + H = CH,CO + Hy

CH3CO + O = CH,CO + OH
CH3CO + CH3 = CH,CO + CHy
CoHy + 0 = CH2CHO + H

CoHy + O = CH3CHO + H

CoHg + CH = CyH5 + CHy

CH30H + HCO = CHOH + CH»0
CyH;0H + OH = CyH50 + HyO
CoH50H + H = CoH50 + Hy
CyH;OH + O = CyH;0 + OH
CyH;0H + CH3 = CoH50 + CHy
sCoH4OH + Oy = CH3CHO + HOq
CyH50 + O, = CH3CHO + HO9
H209 + Oy = HO2 + HO»

H205 + OH = HyO + HOq

CoH509 = CoHgy + O9

CHz + O3 + M = CH305 + M
CH305H = CH30 + OH

C9oH502H = C2H50 + OH

CoH50 + M = CH3 + CH,O + M
CH309 + CH20 = CH302H + HCO
CyH5;09 + CH;0 = CoH50.H + HCO
CoHy + CH309 = CoH3y + CH309H
CoHy + CoH504 = CoH3 + CoH5OoH
CH4 + CH309 = CH3 + CH305H
CH4 + CoH509 = CH3 4+ CoH509H
CH30H + CH30, = CH,OH + CH305H
CH3;0H + C2H505 = CH,OH + CoH50oH
CoHy + HOy = C3H;0 + OH

CH3045 + CH3 = CH30 + CH30
CH30,3 + CyHs = CH30 + CoH50
CH309 + HOy = CH305H + O9

14

3.00E + 13
1.97E + 16
9.00E + 13
3.00E + 06
6.00E + 13
2.69E + 16
2.34E + 40

2.00E + 13
2.00E + 13
5.00E + 13
3.39E + 06
5.00E + 13
1.10E + 14
9.63E + 03
7.46E + 11
1.50E + 07
1.58E + 07
1.34E + 02
3.81E + 06
4.28E + 10
1.30E + 11
5.80E + 14
4.93E + 50
0.44E + 25
6.31E + 14
6.31E + 14
1.35E + 38
1.99E + 12
1.99E + 12
1.13E 4 13
1.13E + 13
1.81E 4+ 11
1.81E + 11
1.81E 4 12
1.81E + 12
3.20E + 13
7.00E + 12
7.00E + 12
1.75E + 10

0.00
0.00
0.00
2.00
0.00
—0.08
—6.33

0.00
0.00
0.00
1.88
0.00
0.00
2.90
0.30
1.60
2.00
2.92
2.00
0.00
0.00
0.00
—11.50
-3.30
0.00
0.00
—6.96
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.
92520.
15100.

2500.

0.

98940.
103100.

179.

—260.
13110.
1634.
3038.
4448.
7452.
1641.
1097.
—1629.
9560.
42250.

42300.
42300.
23800.
11670.
11670.
30430.
30430.
18480.
18480.
13710.
13710.

—1000.
—1000.
—3275.
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206.
207.
208.
209.
210.
211.
212.
213.
214.
215.
216.
217.
218.
219.
220.
221.
222.
223.
224.
225.
226.
227.
228.
229.
230.
231.
232.
233.
234.
235.
236.
237.
238.
239.
240.
241.
242.
243.
244.
245.
246.
247.
248.

CH30H + Oy = CH,0OH + HO»

CoH509 + HO9 = CoH505H + O

CH3053 + CH305 = CH50 + CH30H + O
CH303 + CH305 = O + CH30 4+ CH30
CyHg + CH309 = CoHs + CH305H

CyoHg + CoH509 = CoH5 + CoH5;02H
pCoH4OH 4 Oy = OoCoH,OH
0,C2H4OH = OH + CH20 + CH,0
CoH509 = CoH4,O9H

CyH4O9H = CoH401-2 + OH

CH3CO + O3 = CH3CO3

CH3CO3 + M = CH3z + COy + M
CH3CO3H = CH3CO32 + OH

CH3CO3 + HOy = CH3CO3H + Oy
CyH50 + M = CH3CHO + M

H505 + CH3CO3 = HO3 + CH3CO3H

CH4 + CH3C0O3 = CH3 + CH3CO3sH

CoHy + CH3CO3 = CyH3 + CH3COsH
CoHg + CH3CO3 = CoHs + CH3CO3H
CH50 + CH3CO3 = HCO 4+ CH3CO3H
CH30, + CH3CHO = CH305H + CH3CO
CH3CHO + CH3CO3 = CH3CO + CH3CO3H
CqH3 + CO = C2H3CO

CyH3CHO + OH = C3H3CO + HyO
CoH3CHO + H = CoH3CO + Hy

CoH3CHO + O = CoH3CO + OH
CoH3CHO + HOy = CoH3CO + Hy O
CoH3CHO + CH3 = CoH3CO + CHy
CoH3CHO + CH305 = C3H3CO + CH305H
CoH409H = CoHy + HO9

CoHy + CH309 = CoH401-2 + CH30

CoHy + CoH509 = CoH401-2 + CoH50
CoH401-2 = CH3 + HCO

C9oH401-2 = CH3CHO

CyH401-2 + OH = C3H301-2 + Hy,O
CyH401-2 + H = CoH301-2 + Hy
CyH401-2 + HOy = C3H301-2 + Hy09
CoH401-2 + CH305 = C3H301-2 + CH309H
CoH401-2 + CoH505 = C3H301-2 4+ CoH509H
CoH401-2 + CH3 = C9H301-2 + CHy
CoH401-2 + CH30 = C3H301-2 + CH30H
CH3COCH; + Oy = CH3COCH30,
CH3COCH;3 + ROy = CH3COCH3 + CH3COCH209H

15

2.05E + 13
1.75E 4+ 10
3.11E + 14
1.40E + 16
1.70E 4 13
1.70E + 13
1.20E 4+ 11
1.25E + 10
5.64E + 47
4.25F + 22
1.20E 4+ 11
4.40E + 15
5.01E + 14
1.75E 4 10
1.16E + 35
2.40E + 12
1.81E + 11
1.13E 413
1.70E + 13
1.99E 4 12
3.01E + 12
3.01E + 12
1.51E + 11
9.24E + 06
1.34E + 13
5.94E + 12
3.01E + 12
2.61E + 06
3.01E + 12
9.29E + 30
2.82E + 12
2.82E + 12
3.63E + 13
741E + 12
1.78E 4 13
8.00E + 13
1.13E 413
1.13E 413
1.13E + 13
1.07E 4 12
1.20E + 11
1.20E 4+ 11
1.00E + 11

0.00
0.00
—1.61
—-1.61
0.00
0.00
0.00
0.00
—11.44
—4.18
0.00
0.00
0.00
0.00
—5.89
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.50
0.00
0.00
0.00
1.78
0.00
—6.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

44900.
—3275.
—1051.

1860.

20460.

20460.
—1100.

18900.

37320.

22350.
—1100.

10500.

40150.
—3275.

25274.

9936.

18480.

30430.

20460.

11670.

11925.

11925.

4810.
—962.
3300.
1868.
11925.
5910.

11925.

19930.

17110.

17110.

57200.

53800.

3610.
9600.

30430.

30430.

30430.

11830.

6750.
—1100.
5000.
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249.
250.
251.
252.
253.
254.
255.
256.
257.
258.
259.
260.
261.
262.
263.
264.
265.
266.
267.
268.
269.
270.
271.
272.
273.
274.
275.
276.
277.
278.
279.
280.
281.
282.
283.
284.
285.
286.
287.
288.
289.
290.
291.

CH,0 + CH3COCH505 = HCO + CH3COCH>;05H

HOy + CH3COCH05 = CH3COCH05H + O
CH3COCH;05H = CH3COCH>0O + OH
CH3CO + CH20 = CH3COCH-0

CoH;CHO + CH305 = C3H;CO + CH305H
CyH5;CHO + CoH;O = C3H;CO + CoH5OH
CoH;CHO + CyH505 = CoH5CO + CoH502H
CyH5;CHO + CH3CO3 = CoH5CO + CH3CO3sH
CH3CHO + OH = CH3 + HOCHO

CyH301-2 = CH3CO

CyH301-2 = CH,CHO

CH;CHO = CH,CO + H

CH3CHO + Oy = CH,0 4+ CO + OH

HCO 4+ O = 0,CHO

CH50 + O3CHO = HCO + HO2,CHO
HO>CHO = OCHO + OH

H+COy+M =0CHO+ M

HCCO + 09 = CO2 + HCO

CH3CHO + OH = CH,CHO + HsO

CH5CO + OH = CHOH + CO

CHs + O = CH2:0 + OH

CH3 + CH3 = CoHy + Ho

CH3 + OH = CHQ[S] + Hy0O

CyHy + HOy = CoH401-2 + OH

CH30CH3; = CH3 + CH30

CH30CH3 + OH = CH30CHs + H,0O
CH30CH3; + H = CH30CH5 + Hy

CH3;0CH3; + O = CH30CH, + OH

CH30CH3; + HOy = CH30CH; + HyO9
CH30CH3 + CH305 = CH30CH, + CH305H
CH30CH;3 + CH3 = CH30CHy + CHy
CH30CH;3 + Oy = CH30CH5 + HO»
CH30CH;3 + CH30 = CH30CH5 + CH30H
CH30CH,; = CH0O + CHjs

CH30CH5 + CH30 = CH30CH3 + CH>;0O
CH30CH, + CHy,O = CH30CH3 + HCO
CH30CH, + CH3CHO = CH30CH3 + CH3CO
CH30CH5, + HOy, = CH30CH50 + OH
CH30CH, + Oy = CH30CH,09

CH30CH;3 + R'Oy = CH30CH, + CH30CH>;05H
CH3;0CH504 + CH,0O = CH30CH>;02H + HCO
R/Oy + CH3CHO = CH30CH;05H + CH3CO
CH30CH50 + OH = CH30CH>0O5H
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CH30 + CH»,O = CH30CH>0

CH30CH205 = CHy;OCH202H
CH>,OCH,05H = OH + CH>0O + CH50O
CH>;OCH309H + Oy = O2,CHyOCH20O2H
0O,CH>;OCH;05H = HO,CH,OCHO + OH
HO2CH,OCHO = OCH,OCHO + OH
CH50 + OCHO = OCH,OCHO

CyH509 = CoHy + HOq

CoH4O9H = CoHj5 + Og

CH30 + CH3 = CH50 + CH4

CH3;0CH3 + O3CHO = CH30CH3 + HO,CHO
OCH>,OCHO = HOCH>,OCO
HOCH0 + CO = HOCH,0CO
CH50H + CO9 = HOCH,0CO
CH30H + HO, = HOCH,0 + OH

CH50 + OH = HOCH,0O
HOCH;0O = HOCHO + H

HOCHO +M = CO + H, O+ M

HOCHO +M = CO2 + Hs + M

R'Oy +R'0Oy = CH30CHO + CH30CH0OH + Os
R'O3; +R'Oy = 0y + CH30CH,0 + CH30CH50
CH30CH20 = CH30CHO + H
CH30CHO = CH3; + OCHO

CH3;0CHO + O3 = CH30CO + HO»
CH30CHO + OH = CH30CO + H»0O
CH30CHO + HO3 = CH30CO + Hy09
CH30CHO + O = CH30CO 4+ OH
CH30CHO + H = CH30CO + H,
CH30CHO + CH3 = CH30CO + CHy
CH30CHO + CH30 = CH30CO + CH30H
CH30CHO + CH30, = CH30CO + CH305H
CH30 + CO = CH30CO

CHj3 4+ CO2 = CH30CO

CH50 + HO9 = OCH5;0oH
OCH>02H = HOCH304

HOCHO5 + HOy = HOCH,05H + O»
CH30CH3 + OCHO = CH30CH, + HOCHO
HCO + OH = HOCHO

CH50 + OCHO = HCO + HOCHO
OCHO + HO3 = HOCHO + O

OCHO + H,092 = HOCHO + HOq

HOCHO + OH = H,0 + COy + H
HOCHO + OH = H,O0 4+ CO + OH
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335. HOCHO +H = H, + CO, + H 424E+06  2.10  4868. [76]
336. HOCHO +H = H, + CO + OH 6.03E+13 —0.35 2988. [76]
337. HOCHO + CHs = CH; + CO+OH  3.90E—07 580  2200. [76]
338. HOCHO +HO, = HyO5+ CO+OH 1.00E+12  0.00 11920. [76]
339. HOCHO + O = CO + OH + OH L77TE+18 —1.90 2975. [76]
340. CHafs]+M = CHy + M 1.00E +13  0.00 0. [68]
341. CH,[s] + CHy = CH; + CH; 4.00E+13  0.00 0. [68]
342.  CHals] + CHg = CHj + CoHj 1.20E+14  0.00 0. [68]
343. CHals| + O, = CO+ OH+ H 7.00E+13  0.00 0. [68]
344. CH,[s] + Hy, = CH; + H 7.00E+13  0.00 0. [68]
345. CHy[s] + H = CH + H, 3.00E+13  0.00 0. [68]
346. CHafs] + O =CO +H+H 3.00E+13  0.00 0. [68]
347. CH,[s] + OH = CH,0 + H 3.00E+13  0.00 0. [68]
348.  CHa[s] + COy = CH,0 4 CO 3.00E+12  0.00 0. [68]
349. CHys] + CH3 = CoHy + H 2.00E+13  0.00 0. [68]
350. CHsls] + CH,CO = CoHy + CO 1.60E+14  0.00 0. [68]
351. CyHs 4+ Oy = CH,CHO + O 3.50E+14 —0.61 5260. [38]

Table 1: Dimethyl Ether Mechanism Rate Coefficients; cm®/mol/sec/cal units. 1: this study,
see footnote. ROy = CH3COCH30,, R'O; = CH30CH,0s.

NIST fit [95] to experimental data.

NIST fit [95] to recommendation of Baulch et al. [42] and Irdam et al. [96].
Walker [97] recommendation for RH 4+ O, reaction.

Walker [98] recommendation for RH + HO, reaction.

Based on CH;CHO + R = CH3CO + RH.

Based on CH,OH + O, = CH,0 + HOs.

Based on CH305H decomposition.

Based on CH302 + RH = CH302H + R.

Rate expression employed for R + ROs = RO + RO in our kinetic models.
Rate expression employed for ROs; + HOy = ROsH 4 O, in our kinetic models.
Based on RH + HO, = R + H50,.

Based on NIST fit to CoHy + Oy = CoH50s.

Based on our estimates for ROy, == QOOH isomerization reactions.

Based on CoH4 + HO,.

Based on typical ROoH = RO + OH recommended by Sahetchian et al. [83].
Curran estimate.

Rate expression calculated at 1 atm using QRRK theory [99, 100].

By analogy with C3Hg + CH;3O.

Rate expression employed for R + HO, = RO 4 OH in our kinetic models.

nTRLeTeoEETATIER PR A0 T

Discussion

The primary products formed during both high temperature pyrolysis and oxidation are car-
bon monoxide (CO), carbon dioxide (COy), formaldehyde (CH50), methane (CHy), ethane
(CoHg) and ethylene (CyHy). In addition, water (H2O), which is not observed during py-
rolysis is a product of oxidation. Comparisons of the product species profiles measured in
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the experiment and predicted in the model simulation are shown in Figs. 7-10 for the two
pyrolysis mixtures, and in Figs. 11-16 for the oxidation experiments. The model-predicted
concentration profiles for each product species are in very good agreement with the exper-
imental results for almost all conditions. The main discrepancy is in the measured and
predicted methane profiles at fuel-lean conditions, Fig. 12. The measured methane profile is
about a factor of three greater than that predicted by the model. We do not, as yet, have a
satisfactory explanation for why this is so. Product formation can be fully explained by the
reaction scheme discussed below.

Dimethyl Ether Pyrolysis
During pyrolysis, initiation occurs via unimolecular decomposition:

CH;0CH; 225 CH;0 + CH;

The rate constant for the unimolecular decomposition of DME was estimated using a chem-
ical activation formulation based on Quantum Rice-Ramsperger-Kassel (QRRK) theory, as
described by Dean [99, 100]. This analysis uses a high pressure limit rate constant of
1.24 x 10" T3 exp(-39780/T) s~ . This rate constant was calculated from microscopic
reversibility by using a rate expression of 3.0 x 10' ¢cm3 mol=! s~! for CH;0 + CH; addition.
We estimate the rate expression in the reverse direction, as typically the addition of two
radical species has no associated activation energy and the A-factor is normally between 2-3
x10". For example, for the reaction CoH; + CH; = C3Hg, Baulch et al. [42, 61] recommend
rates of 2.83-3.37 x10'®. In a previous study [11] we used 2.75 x 10" cm?® mol ™! s7! as the
high-pressure limit for reaction (-273). (The earlier paper erroneously reported this rate as
5.0 x 10" cm? mol™! s7!). The current rate constant expression at a pressure of 1 atm is
provided in Table 1, and is almost a factor of two faster than the previously published value.
Figure 17 depicts our recommended rate expression for the unimolecular decomposition, cal-
culated at 1 atm using QRRK theory, our previously published rate expression at 1 atm and
the literature values of Pacey [101] measured at 25-395 Torr, Aronowitz and Naegeli [102]
measured at 1 atm, and Batt et al. [103] measured in the pressure range 400-800 Torr. Our
current recommendation at 1 atm is almost identical to that measured by Aronowitz and
Naegeli and is in very good agreement with the measurement of Pacey.

The methoxy radical formed in reaction (273) undergoes [3-scission to yield formaldehyde
and a hydrogen atom, reaction (40). The hydrogen atom formed in reaction (40) and the
methyl radical formed in reaction (273) abstract a hydrogen atom from the fuel to form
the methoxymethyl radical, reactions (275) and (279). The methoxymethyl radical then
undergoes [-scission to yield formaldehyde and a methyl radical, reaction (282), and, as
the radical pool becomes more established, this is the predominant route to formaldehyde
formation. Our rate expression for the [-scission of the methoxymethyl radical is that
measured by Loucks and Laidler [89].

CH,OCHs; +H 2% CH,0OCH, + H,
CH;0CH; + CH; 225 CH3;0CH, + CH,
CH;0CH, 225 CH,O + CHj
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It is not surprising to find that the overall rate of pyrolysis is very dependent on the
rates of these reactions. The rate expression for reaction (275) was estimated using a NIST
database fit [95] to the experimental measurements of Meagher et al. [104], Faubel et al. [105]
and Lee et al. [106] and using the estimation of Aronowitz and Naegeli. A comparison of
our rate expression with those available in the literature is plotted in Fig. 18.

The rate of abstraction of a hydrogen atom from DME by a methyl radical, reaction
(279), was also estimated using a NIST database fit. We used the experimental data of Batt
et al. [103], Pacey [101], Arthur et al. [107] and Gray and Herod [108]. A comparison of our
rate expression with those available in the literature is plotted in Fig. 19.

Figure 30 shows the sensitivity under near-pyrolysis conditions, and indicates the im-
portance of H-atom abstraction reactions from fuel and formaldehyde by hydrogen atoms
and methyl radicals. Figures 21-compr4 indicate that there is very good correlation in the
rate expressions for DME + CHs, reaction (279), and CH,O + CHs, reaction (38). The
greatest relative errors lie in the rate constant expressions for DME + H, reaction (275),
and CH,O + H, reaction (33). However, the more recent rate expressions [56] and [129, 130]
for reaction (33) are in good agreement with one another, and our chosen rate expression is
approximately 30% lower than these. Thus, we feel our rate expression for reaction (275),
fitted to the current data, and developed using the “best fit” to the current mechanism is
quite reliable.

The concentration of formaldehyde produced in our simulation is dependent on the rel-
ative rates of abstraction by hydrogen atom and methyl radical from dimethyl ether and
formaldehyde. Figure 20 depicts the predicted formaldehyde concentration profile versus
time by changing the rates of the unimolecular and abstraction reactions by a factor of two.
An increase in the rates of abstraction from DME increases the concentration of formalde-
hyde while an increase in the rate of abstraction from formaldehyde lowers its observed
concentration. We estimated the rate of hydrogen atom abstraction from formaldehyde by
a H atom, reaction (33), using a NIST database fit [95] to the recommendation of Baulch et
al. [42] and Irdam et al. [96]. The rate expression for H atom abstraction by a CHs radical,
reaction (38), is based on a NIST fit to the recommendations of Manthorne and Pacey [109],
Choudhury et al. [110, 111] and on the experimental data of Anastasi [112]. The rate con-
stant expression for reaction (33) is compared to other literature recommendations in Fig. 21
which includes the most recent recommendations of Eiteneer et al. [56]. Similarly, our rate
expressions for reaction (38) is compared with literature values in Fig. 22.

Dimethyl Ether Oxidation

Dimethyl ether consumption characteristics for oxidative conditions are similar to those ob-
served in the pyrolysis experiments. Initiation occurs vie unimolecular fuel decomposition.
The contribution of hydrogen atom abstraction from the fuel by molecular oxygen, reaction
(280) is minimal, with < 1.0% contributing to initiation, even under fuel-lean conditions.
Once the radical pool becomes established, hydrogen atom abstraction from the fuel by H
atoms, reaction (275), and CH; radicals, reaction (279), becomes as important as unimolec-
ular decomposition, reaction (273), with the rates of all three reactions achieving values
within a factor of two of one another.

The main difference between oxidation and pyrolysis is in the contribution of OH radical
attack on the fuel, reaction (274). As a result, water is noted and quantified in the oxidation
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experiments, while it was not observed during pyrolysis. Our recommended rate expres-
sion for reaction (274) is taken from a NIST database fit [116] to the experimental data of
Arif et al. [117], Mellouki et al. [118], Nelson et al. [119], Wallington et al. [120], Tully and
Droege [121] and the previously recommended rate expression [11]. The rate of reaction (274)
is similar to that observed for reactions (275), (279) and (273). For example, under stoichio-
metric conditions, Figs. 13 and 14, and at 20% fuel conversion, the rates of reactions (275),
(279), (274) and (273) are 1.01 x 1077, 9.62x 1078, 8.93x 10 8 and 5.10x 108 mol cm 3 s,
respectively. Under fuel-lean conditions, reaction (274) becomes more important as there
is a higher concentration of hydroxyl radicals than under fuel-rich conditions. Hydroxyl
radicals are produced via four main pathways, all of which are dependent, either directly or
indirectly, on the concentration of molecular oxygen:

CH;OCH; + OH 25 CH;0CH, + H,O
CH; + HO, —25 CH;0 + OH
CH; + 0, =25 CH,O+ OH
H+0, —» O+OH
CH;0CH; + O 2% CH;0CH, + OH
HCO + 0, —25 CO + HO,
H+0, =2 HO,

Under fuel-lean conditions and at 20% fuel consumption, the relative rates of reactions (22),
(269), (8) and (276) are 2.3:1.3:1.0:1.0, respectively. At these conditions, about 90% of the
HO, radical is produced wvia reaction (46) above, with the remainder being produced via
reaction (26).

Methyl radicals, which are formed by unimolecular fuel decomposition, reaction (273),
and by methoxymethyl radical S-scission, reaction (282), react with formaldehyde, molecular
hydrogen, DME, and HO, to yield methane and a radical species.

CH,O + CH; 25 HCO + CH,
CH; +H, —% CH,+H
CH:J, + H02 i) CH4 + 02

Hydrogen atoms are generated from the decomposition of both formyl radical, reaction (12),
and methoxy radical, reaction (40) above. Reaction (12) also leads to the formation of
carbon monoxide which reacts with HOZ radical and to a lesser extent with OH radical to
form carbon dioxide and a OH radical and a H atom, respectively.

HCO 2% H+CO
CO+HO, —25 CO,+OH
CO+OH —% CO,+H
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Under fuel-lean conditions, less Hy, CH; and CO and more CO, are produced relative
to the stoichiometric case. This is because the higher absolute concentration of Oy in this
experiment results in the production of greater quantities of HO, radical. This radical reacts
with methyl radicals forming CH;O and OH radicals, reaction (22) above. The methoxy
radical decomposes to formaldehyde which subsequently yields CO which is oxidized to
COs3. Under fuel-rich conditions the reverse is true, higher concentrations of Hy and CH, are
formed due to the reduced concentration of HOZ radicals.

The formation of ethane is explained by the recombination of methyl radicals, reaction
(24). The rate constant expression for this reaction was taken from the work of Walter et
al. [125] which includes a Troe fall-off fit.

Ethane subsequently undergoes hydrogen atom abstraction by H, OH and CH; radicals,
forming ethyl radical, CoHs, which decomposes to ethene and a hydrogen atom.

CQH6+R — CQH5+RH
CQH5+M i) CQH4+H+M

Comparative Flow Reactor Results

The experimental results reported by Alzueta et al. [13] were also compared with calcu-
lations using the current kinetic mechanism. Comparison of these experimental profiles
with computational modeling results, Fig. 28, requires that both the chemical induction and
post-chemical induction phenomena to be modeled, i.e., reaction residence time requires the
assignment of a “zero” reaction time. Thus, these comparisons embody the effects of ex-
perimental uncertainties associated with impurities and mixing on the induction chemistry.
Our current mechanism predicts DME consumption to begin about twenty degrees lower
than that observed in the experiments, Fig. 28, although the shapes of the curves are quite
similar. Agreement is certainly within the quoted uncertainties of these experiments.

Shock Tube Comparison

The chemical kinetic mechanism was also used to simulate the experimental shock tube
results of Simmie et al. [12]. A comparison of the predicted peak [CO] x [O] with the
experimentally observed ignition delay times (based on light emission from the reaction of
CO with O atoms) are shown in Fig. 29. Good agreement between simulation and experiment
is achieved for all equivalence ratios, although predicted values are somewhat too large at
lower temperatures. (Similar behavior was observed in earlier modeling the ignition of allene
and propyne [126]). Both predicted and experimental ignition delay times decrease with
leaner conditions.

Jet-Stirred Reactor Results
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Previously published JSR experimental results [9] test the validity of the reaction mechanism
in an alternative experimental device and complement the temperature range explored in the
current flow reactor study. Comparisons of the product species profiles measured in the ex-
periment and predicted by the model simulation are shown in Figs. 23-27 for a stoichiometric
mixture at 1 and 10 atm.

It is clear that the model-predicted concentration profiles for each product species are
in good agreement with the experimental results. At 10 atm and in the temperature range
800-875 K, the model predicts more reactivity than observed in the experiments, but at
higher temperatures, model and experimental agreement substantially improves.

Sensitivity Analysis

The chemistry edits produced as output from the HCT code provide detailed information on
the most important reactions associated with the production and consumption of each species
in the kinetic mechanism. By analyzing these edits, it is possible to develop a flux diagram
of the major oxidation pathways responsible for DME pyrolysis and oxidation. A detailed
sensitivity analysis was performed, by multiplying the rate constant of a reaction by a factor
of two (both forward and reverse rate constants). The sensitivity coefficient has been defined
as the percentage change in the time taken for a defined percentage of fuel to be consumed.
In the near-pyrolysis experiment at 1 atm, Figs. 9 and 10 we performed analyses at 25%
and 70% fuel consumption in order to observe sensitivity to initiation and to propagation
reactions. Sensitivity to dimethyl ether oxidation was performed under stoichiometric (¢ =
1.09) conditions, with analyses performed at time for 25% and 90% fuel consumption. A
negative percent change in time indicates an increase in overall reaction rate, while a positive
change indicates a decrease in the overall reactivity of the system.

In both the pyrolysis and oxidation studies, the reaction which shows the largest negative
sensitivity coefficient, and thus is greatest in promoting the overall reactivity, is reaction
(273), the unimolecular decomposition of the fuel. This reaction leads to the initiation of the
radical pool, producing a reactive methoxy radical and a methyl radical. H-atom abstraction
from the fuel by methyl radicals, reaction (279), shows the next largest negative sensitivity
coefficient under both near-pyrolysis and oxidation conditions. This reaction leads to the
formation of a methoxymethyl radical, which can decompose to generate formaldehyde and
a methyl radical. Another reaction that shows a high negative sensitivity coefficient is the
reaction of formaldehyde with methyl radicals, reaction (38).

CH;0CH; 225 CH30 + CH;
CH;0CH; + CH; 223 CH;0CH, + CH,
CH,O0 +CH; 25 HCO +CH,

The reaction that shows the largest positive sensitivity coefficient, thus inhibiting the
overall rate of reaction, is the recombination of methyl radicals, reaction (24). This result is
consistent with the major importance of methyl radical branching reactions on the overall
radical pool in DME kinetics.

CHs + CHs + (M) —2%  CyHg + (M)
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In the near-pyrolysis study, the four reactions above account for most of the sensitivity to
overall reactivity. (The recombination of a methyl radical with a hydrogen atom also shows
a small positive sensitivity coefficient.)

The sensitivity of the overall reaction to hydrogen atoms shows some interesting be-
haviour. Hydrogen atoms have only a small impact on the overall reactivity, showing little
or no sensitivity at low fuel conversion, with modest sensitivity coefficients at higher fuel
conversion. Under pyrolysis conditions, there is minimal sensitivity to the chain branching
reaction H + O, = O + OH thus indicating the O, present seems to have very little effect
on the overall fuel reactivity. Hydrogen atoms are primarily formed from the decomposition
of formyl radicals, produced from formaldehyde. Thus, formaldehyde must be produced in
significant concentrations before hydrogen atoms are produced. Under pyrolysis conditions,
hydrogen atom abstraction from the fuel, reaction (275), results in a modest increase in
overall reactivity, while abstraction from formaldehyde (which competes with abstraction
from the fuel) shows a modest positive sensitivity. However, during DME oxidation, hy-
drogen atom abstraction from the fuel shows a modest positive sensitivity. This is due to
the fact that hydrogen atom abstraction from the fuel competes with the chain branching
H+0, = O+OH reaction, which shows high negative sensitivity coefficients. Hydrogen atom
abstraction from formaldehyde shows a positive sensitivity coefficient at 90% fuel conversion
and a small negative sensitivity coefficient at 25% fuel conversion. At low fuel conversion,
formyl radicals react mainly with molecular oxygen to generate carbon monoxide and a hy-
droperoxyl radical. The hydroperoxyl radical reacts with a methyl radical to generate a
methoxy and a hydroxyl radical. Thus, at low conversion, any potential reduction in over-
all reactivity by the competing hydrogen atom reaction with formaldehyde is offset by the
production of formyl radicals.

There is a large sensitivity to the reactions of methyl radicals with hydroperoxyl radicals,
and a modest negative sensitivity to the reaction of methyl radicals with molecular oxygen.

CH; + HO, -2+ CH;0 + OH
CH:J, + H02 i) CH4 + 02
CHy; + 0, 2%+ CH,0+OH

Reactions (22) and (45) compete with one another. Reaction (22) produces two relatively
reactive radicals, while reaction (45) leads to the formation of two stable molecules. The
reaction of methyl radical with molecular oxygen also generates a hydroxyl radical, which is
more reactive than methyl radical, and thus accelerates the overall reaction rate.

The reaction of the fuel with hydroperoxyl radical also shows a negative sensitivity coef-
ficient. This reaction produces a methoxymethyl radical and hydrogen peroxide. Hydrogen
peroxide subsequently decomposes to produce two reactive hydroxyl radicals.

CH;OCH; + HO, 25 CH;OCH, + HyO,
H,0, + (M) -2 OH+ OH + (M)

The self-reaction of hydroperoxyl radicals, reactions (50) and (187) show a positive sensi-
tivity coefficient and thus reduces the overall reactivity of the system. These reactions each
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consume two hydroperoxyl radicals and form only one molecule of hydrogen peroxide, ulti-
mately yielding only two reactive hydroxyl radicals. Two hydroperoxyl radicals reacting via
reaction (277) above would yield four hydroxyl radicals, and thus leads to greater reactivity.

H,0y + 0y 2% HO, + HO,
H,0, + 0, 275 HO, + HO,

Finally, under oxidation conditions the (-scission of formyl radicals, reaction (12), shows
a positive sensitivity coefficient, while its reaction with molecular oxygen to form carbon
monoxide and a hydroperoxyl radical, reaction (46), shows a negative sensitivity coefficient.

HCO+M -2 H4+CO+M
HCO +0, -5 CO+HO,

Reaction (46) produces hydroperoxyl radicals that can abstract a hydrogen atom from the
fuel, form hydrogen peroxide, and lead to the formation of two hydroxyl radicals or react
with methyl radicals to generate methoxy and hydroxyl radicals.

Conclusions

The pyrolysis and oxidation of dimethyl ether has been studied in both an atmospheric-
pressure and in a variable-pressure flow reactor. A pyrolysis experiment was performed in the
variable-pressure flow reactor at 2.5 atm, at a temperature of 1060 K and with 99.7% nitrogen
dilution. A second, near-pyrolysis experiment was carried out in an atmospheric-pressure
flow reactor operating at a temperature of 1118 K, with 190 ppm molecular oxygen and
99.6% nitrogen dilution. These pyrolytic experiments were complemented by a set of three
oxidation experiments performed in the atmospheric-pressure flow reactor at a temperature
of 1086 K, with an approximate nitrogen dilution of 98% and the equivalence ratio varying
in the range 0.32 < ¢ < 3.4. In all experiments, species concentrations, measured using
FTIR, were correlated against residence time.

All experiments were simulated using a detailed chemical kinetic mechanism. The de-
tailed kinetic model is able to reproduce the fuel, oxygen and intermediate product species
profiles with a high degree of accuracy, with the exception of the lean oxidation experi-
ment where the concentration of methane is under-predicted by about a factor of three,
Fig. 12. Modeling results indicate that, under all conditions, the most important initiation
reaction for dimethyl ether, is its unimolecular decomposition to form methoxy and methyl
radicals. The methyl radical so produced, can abstract a hydrogen atom from the fuel to
generate methoxymethyl radical and methane, with methoxy radical either decomposing to
form formaldehyde and hydrogen atom or reacting with molecular oxygen to yield formalde-
hyde and hydroxyl radical. Methoxymethyl radicals decompose to generate formaldehyde
and a methyl radical. Thus, the methyl radical plays a very important role in dimethyl ether
pyrolysis and oxidation. In addition, the formaldehyde submechanism is a very important
subset of the overall DME mechanism.
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Hy @298 K| S; @298 K | C, @300 K

Species (kcal/mol) | (cal/mol-K) | (cal/mol-K)
CH;OCH; 43.4 63.8 15.8
CH;0CH, 1.0 67.3 16.3
CH,OCH,0,H 68.4 83.8 24.0
CH;0CH,O -34.5 73.9 18.4
CH,OCHO 84.4 71.5 17.1
CH3;0CH,0, -34.6 82.6 21.9
CH,OCH,0,H -24.0 85.9 24.5
0,CH,OCH,0,H -59.6 101.2 30.1
HO,CH,OCHO,H 51.9 108.3 32.4
HO,CH,OCHO -109.4 90.1 25.3
OCH,OCHO 75.5 80.3 19.6
HOCH,0CO 81.5 101.3 22.9
HOCH,O 434 64.8 13.1
HOCHO -90.2 59.4 10.8

Table 2: Thermodynamic properties for selected species
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a flow reactor oxidation. 3560 ppm CH,O, ¢ = 0.5, P=1.0 atm, T=944 K. e O,, o CO,
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Figure 4: Measured (symbols) [36, 37] and calculated (curves) species concentrations from
a flow reactor oxidation. 3480 ppm CH,0, ¢ = 1.56, P=1.0 atm, T=945 K. ¢ CH50, 0 O,,
* CO, © Hy and x CO,. 7ygser = —0.07 s. Dotted lines correspond to open symbols.
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Figure 5: Measured (symbols) [36, 37] and calculated (curves) species concentrations from

a flow reactor oxidation. 2340 ppm CH,O, ¢ = 0.88, P=1.0 atm, T=1095 K. e O,, o CO,
* CH50, and ¢ CO,. Tyses = —0.01 s. Dotted lines correspond to open symbols.
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Figure 6: Measured (symbols) [14] and calculated (curves) species concentrations from a flow
reactor oxidation. 5700 ppm CHy, ¢ = 0.5, P=10 atm, T=1029 K. e O,, o Temperature,
* CHy, x H50, ¢ CO, and + COs. Togset = —0.1 s. Dotted lines correspond to open symbols.
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Figure 7: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor pyrolysis. 3090 ppm DME, P=2.5 atm, T=1060 K. ¢ CH;0OCH3s, and 0 CO. 7yget =
—0.05 s. Dotted lines correspond to open symbols.
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Figure 8: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor pyrolysis. 3090 ppm DME, P=2.5 atm, T=1060 K. ¢ CH,O, o CH4, x CyHg, and
O CoHy. Tomset = —0.05 s. Dotted lines correspond to open symbols.
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Figure 9: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor near-pyrolysis. 3740 ppm DME, P=1.0 atm, T=1118 K. ¢ CH;0OCHj3, o CO, and

* Og. Toiset = —0.015 s. Dotted lines correspond to open symbols.
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Figure 10: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor near-pyrolysis. 3740 ppm DME, P=1.0 atm, T=1118 K. ¢ CH,0O, o CH,, % CyHg,
and © CoHy. Tomgset = —0.015 s. Dotted lines correspond to open symbols.
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Figure 11: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor oxidation. 2560 ppm DME, ¢ = 0.3, P=1.0 atm, T=1086 K. ¢ CH30CHj3, o CO
and * HyO. Tygeec = —0.018 s. Dotted lines correspond to open symbols.
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Figure 12: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor oxidation. 2560 ppm DME, ¢ = 0.3, P=1.0 atm, T=1086 K. ¢ CH,O, o CH,, x CyHg,
and ¢ CoHy. Tomgset = —0.018 s. Dotted lines correspond to open symbols.
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Figure 13: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor oxidation. 5270 ppm DME, ¢ = 1.06, P=1.0 atm, T=1084 K. ¢ CH30OCHj;, o CO
and * HyO. Tyget = —0.03 s. Dotted lines correspond to open symbols.
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Figure 14: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor oxidation. 5270 ppm DME, ¢ = 1.06, P=1.0 atm, T=1084 K. ¢ CH,0O, o CHy,
* CyHg, and © CoHy. 7ogset = —0.03 s. Dotted lines correspond to open symbols.
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Figure 15: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor oxidation. 5160 ppm DME, ¢ = 3.4, P=1.0 atm, T=1080 K. ¢ Oy, 0 CH30CH3,
* CO and © Hy0O. Tyget = —0.018 s. Dotted lines correspond to open symbols.
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Figure 16: Measured (symbols) and calculated (curves) species concentrations from a flow
reactor oxidation. 5160 ppm DME, ¢ = 3.4, P=1.0 atm, T=1080 K. ¢ CH,O, o CH,, x CyHg,
and ¢ CoHy. Tomgset = —0.018 s. Dotted lines correspond to open symbols.
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Figure 17: Arrhenius plot of rate constant expressions for CH;OCH3 =
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Figure 18: Arrhenius plot of rate constant expressions for CH3;OCHj3 + H= CH30CH2 + H,.
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Figure 19: Arrhenius plot of rate constant expressions for CH3OCHj3 + CH; = CH;0CH, +
CHy,.
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Figure 20: Sensitivity to formaldehyde formation for a flow reactor near-pyrolysis. 3740 ppm
DME, P=1.0 atm, T=1118 K. @ CH50. 7Tyt = —0.015 s.
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Figure 21: Arrhenius plot of rate constant expressions for CH,O + H = HCO + H,.
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Figure 22: Arrhenius plot of rate constant expressions for CH,O + CH3 = HCO + CH,.

45



3.0e-3 *— o *—

2.5e-3

2.0e-3 -

1.5e-3

1.0e-3

5.0e-4 -

Species Mole Fraction

900 950 1000 1050 1100 1150 1200

Temperature [K]

Figure 23: Experimental JSR results (symbols) [9] versus model predictions (lines) at 0.1%
DME, ¢ = 1.0, P=1 atm, 7=0.1 s. e Oy, 0 CH30CHj3, %« Hy, and ¢ CO. Dotted lines

correspond to open symbols.

4.0e-4

3.0e-4 |- n

2.0e-4 |

1.0e-4

Species Mole Fraction

0 Tt |
900 950 1000 1050 1100 1150 1200

Temperature [K]

Figure 24: Experimental JSR results (symbols) [9] versus model predictions (lines) at 0.1%
DME, ¢ = 1.0, P=1 atm, 7=0.1 s. @« CH,, © CH50 and x CO,. Dotted lines correspond to

open symbols.
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Figure 25: Experimental JSR results (symbols) [9] versus model predictions (lines) at 0.1%
DME, ¢ = 1.0, P=1 atm, 7=0.1 s. e CyHg, © Cy,H, and %« CyHs. Dotted lines correspond to

open symbols.
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Figure 26: Experimental JSR results (symbols) [9] versus model predictions (lines) at 0.1%

DME, ¢ = 1.0, P=10 atm, 7=1 s.
correspond to open symbols.

e 0y, 0 CO, x CH;OCH;, and ¢ H,.
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Figure 27: Experimental JSR results (symbols) [9] versus model predictions (lines) at 0.1%
DME, ¢ = 1.0, P=10 atm, 7=1 s. ¢ CH,, 0 CH,O, %« CO4, ¢ CyHg, and x CyH4. Dotted
lines correspond to open symbols.
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Figure 28: Experimental flow reactor (symbols) [13] versus model predictions (lines) at 500

ppm DME; 3000 ppm Os, 3.34% H,0, 96.3% Ny, P = 1.0 atm, 7 = 188[K]/T (s). e COs,
o CO and * CH30OCHj3. Dotted lines correspond to open symbols.
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Figure 29: Effect of equivalence ratio on experimental shock-tube ignition delay times (sym-
bols) [12] versus model predictions (lines) for 1.0% DME oxidation in argon at 3.5 bar.
Dotted lines correspond to open symbols.
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Figure 30: Sensitivity coefficients for time to percentage fuel consumed for a flow reactor
near-pyrolysis. 3740 ppm DME, P=1.0 atm, T=1118 K.
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Figure 31: Sensitivity coefficients for time to percentage fuel consumed for a flow reactor
oxidation. 5270 ppm DME, ¢ = 1.06, P=1.0 atm, T=1084 K.
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